EVALUATION OF RESONANT CONDITIONS CAUSING

HIGH CYCLE FATIGUE IN BLADED-DISK ASSEMBLIES OF TURBOMACHINES
USING MODAL ANALYSIS
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| Abstract: Modal testng of tladed-disk assemblies is used to identify the critical natural frequencies and mode shapes
for avoiding the resonant conditions that cause high cycle fatigue (HCF) leading to premature bisde and disk failures. In
order o chiai ihe high qually modal dala necessary for accurate modal identification, expenisnce plays a major role in
understanding the strengths and weaknesses assoriated with the vansty of testing lechniques. Choices such as pre-test
alanen-gisk pregaralion, modal axcilafion driving poind location, hammer versus shaker force excitalion mathiods. shaker
v sianal approaches, acoelerometer type and location, and windowing are all important aspects thal must ba
| consilened when lesting specific biaded-tisk configurations. Modal analysis lechmiques including extraction of harmonic
| cantent sed wse of inferfarence dagrams for identification of resonance conditions are presentet!

L INTRODUCTION

High cycin faliqusHEF) plays -2 significant tola in many

furbing biade falures Qunng operation. pertote fuctuat

2am farci accur ot Meauencrs corresponding 1o the
OfeEranng 5-§IIEI.': At harmonics and causo the biaded disks
b vibrate: The ampiilude of these vibrations depends in part
o fhet proximity of the ratural frequencies of the bladed disk

{10 the forcing freguency, Large amplifede vibralion can ooour
“when the forng ireguency approaches or becomes resanant
wiltt & hatural frequency of the bladed disk. Dynamic stresses
assciatac wilh near resonant or resonant vibratian produce
HCF damage ang can Inibiate and propagate Gracks very
dsicky |1
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 Bleam turbine manufaciurers typically design and manufacture
“bladed disks wih adequale marging between the forcing
Aragquancies and the fundamenial natural frequencies fo avoid
resofance, However resonance with the operaling speed or
NErmonits Gan occur gnder normal operabing conditrons for a
el of reasans including manufacturing varances, modified

Ihe biaded disk assembly, To protect bladed disks against HOE
gamags from high emphitude vioration it is necessary fo ensure
hat adequate marging exist beltween the natural frequonciss
o blaged disk assemblies and. fhe synchronous foroing
frequencies over the entire life of the bladed disk.

Modal festing can previde valuable information about the
mynamis response charactenstics of bladed disks at a relatively
fow cost Thiz information typically incluges the natural
fraguentcies and mode shapes of the row at room temperatine
and in ihe ahsance of centnfugal loading, It is imporant o note
It the dynamic response characterisfics dusing operation
ara likaly to differ signlficantly from those measured under
fher best conditons dus to the effects of thermal changes,
lixity differsnces, stress stiffaning, and spin softening. Thus,

madal testing slone cannot delerming the dynamie resoanse
characienslics of furbine blade rows with sufficient acclrac
I predict resonant conditons: during operafion. However o
anaty of lachmigues exssl for ubilizing moda test resqls o
mibigate the nek oFHOF falluras

2, TURBOMACHINERY CONSIDERATIONS

Thres Tmporianl considerations influence the accuracy and
effsctiveness of modal fest data taken from bladed disk
assambiies: connection sitffness within the blade-root Inerface
and dlade-tigwire interface, centrifugal loading effecis. -and
thermal elfects. When interpreling modai test results, it s
erifical to account for all of these condifions because an eror
as amali as 3% in the natural freguency calculation can lead tn
an incarrect resonance diagnosis,

Cantrifugal force makes the blade and disk essentially act as an
imiearat siruciure, with-dynamic propertios distinelive from those
abiained by testing fhe separate components. During operation
cenirifugal force can also alier he eHeclive shiffness of the
furbine blades. Stress stiffening, from tensila force an the blades,
causes e blade frequencing o rise 4s the speed increases
The modulus of elashicily of most turhine blads materiais
ducreases a3 ner igmpardfure rises Therefore, a modal [est
Ifrat is pongucted at zern Shedd and room temparature reguites
mporant olsde row prepacation and analysis o accurafely
determing the dynamic characlenses of the blade row during
operation.

Problems with blade fixity are best characterized by either a logss
tlade-root interface andior an unsecured floating bewing, | fested
with this tvpe of loosenass, the aded disk naiural frequencies
will appear lower than if they were rigicly feed, and consideratls
scatler will enst betwean natural frequency measuremenis
Trom different bizdes or biace groups as shown in Figure 1 The
lsoseness wilialsocreate structural non-inearities, thusihibiting
the proper distribution of input excitation energy and kading lo
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Seeactingl method for insunng fixity before ceroeming a modal
tast is to apply an adnesive to the blade-rool and biade-tewire
maraces. Depending on the type of root, ewire, and amount
of lnoseness prescribod procedures are shraightfoneard and
sasiy ascomplished - Blade rows (hat have been in service
foe several years since disassemily do not typicalty require
any Bpecial realment Decause deposils that form i the blade
attachment region effectvely lock the blade n piace by filling
ine gaps betwesn the blade and disk,

3. QUALITY CONTROL

Hiaded disk assemblies are particuiarly ai fisk of resonance
rrabilems following repairs or modifications that couid aler the
gyriamic response charactanstics af the struciure. Procedurss
sihas modifving shrouding configurations, or replacing ades
[aenpoialy with reverse angmeered biades) gould creste 4
resonance probdem by changing the amount or distributicn
it mase ar stiffness in the blade row. Gradual changes
5 souting wear from eroeion can also change Mesa pay
~hemcienshcsand lead to resonance protlems:

WModal tesfing can delect chianges in the dynamic responsa
st idividual blades or of an assembled row. Acheptable defd
spaed natural frequenciss for & given blade or-row are not
ey availabie from turbing manufacturars. Turbine designers
nusst considershie effort in zero speed modal testing. finits
slamient analveis, and at speed telemelry testing fo ensure
frequency marging of at least 5% for the fundamental modes of
& biaded disk. Zoro spead natural fraquency speciiications can
be astimalgd by conducting modal lests on sevaral biades, of
§ blade grougs, in their origingl condition. A resonance probiem
1115 phissible whan the zera spe=d natural freguencies of worm,
© modiied, or replacement blades deviale from those set by the
manufaciune:
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4. RESONANCE INVESTIGATION

A resonance investigation i advised when avidance of HCF
5 discovered dunng & fallure invesligation or inspection The
most efective and economical method for idantifving potentialiy
reeanant conditions in bladed disks utikizes 8 combinaton of
madal test results and finite ederment anatysis {FEA) toaccurately
rredicl he oynamic response charasteristics of fhe structurs
inder cperating conditions. Whie FEA alane can pradict tha
natural frequencles and mods shapes of a blade: row_dunng
operation, experience ingicates thet cadibraton of such comniex
models with modal fest resulls s necessary 1o accurately predict
resonance, Figure 2 shows the combined testing and modeting
approach

- i --,.n;:,|a by Blade FEA Mo
A 5 |
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Bladed Dol Vool Toit 4 Comelse % Blade Growp FE Model
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Mpdefiert Binded Dk Modal Tt 4 Comelpuy_ #idoiied Bladed Dusk P2 Model

Fig 2. Flowshart of Respanse Investigation
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malerial from the airfoll base, o by agding mass io e blade
ip or cover band.

The mos! prectical method for atterng these natural
frequencies to within allawable fimitz is by fhe addition of mazs
io the Hlade tia, fiewire, or coverband. This appraach has the
folicwing advantages: 1) minimal eharges to te airfod that oo

sigrificanily affect serodynamic aperations: 2] adding ma.

can usually be accomplished without removing any blades
Carmmon echnigles for adding mass to a blade row includc
hrazing stainless stee! sleeves to exlsting tiewires, brazing

i asrodynamic masses to the conves side of the ifoll tip, and

Fig 3. FEA Model

| i resnance or fallure investigation begins with the develcpment
w4 Frite slement maded of the bladed disk under investigation
21, Blade Pro ulilizes the FEA power of ANSYS to significanty
reuee the tme required for parfatming structural analysis of
wirbine bises. The program assists the user in 2l aspects af
\usbine blade analysis: mudel generation, doundary ondition
‘application, analysis options, job submission, pest processing,
and life assessment.

A |;;1r9:_!.-_-.rr--,-,~:-5-:-n-3', firite elemant modsl of 2 Sﬂg“_’ hiage 15
develuead Using temalates for different components {airind

shmwig, dovelal, and. disk) provided with the Biade Pre:
sofiware Figure 3 shows part of the model generabion procass
The singe blade mooel is Blade/Dick Geomelry, Physical
Properies and Operating Conditions aventually condensed
Ity 8 “suporelement,” that is replicated numerous times to foem
o full blacked disk assembly modsl. By changing & few simple
bt parametes In the software, the model is exerciged under

| & anety of operating conditions and under the modal tes

i condificns

tg datarming the dynamic response characteristics

| Gfiné iade row. Gorralation of the single blade and full biaded

i

disk moaels wih ine gomesponding modal test results lends
seditility 1o the model, and supports the calculated dymamic
charactersistios during operation

When @ blade row resonance condifion s identified, the
ntrocuction of @ small change in the plade row natural
requencies s the most effective way 1o reduce the dynamic
strpee and increase the component fabgue life, Depending.on
i frequancy, & frequency margin of 3% s usually enough o
fowes thie dynamic siresses and ensure that the row remains
detunad regardless of any minar changes thal might  gecur
i he fulurs. Although it & usually maore practical fo modify a
Hlade row by adding mass, mode frequencigs can either be
decreased or increased to achisve the necessary frequency
margin. Increasing the nladed disk natural fraquencies can be
accomplishad by stiffening the lower region of the airfod, or by
ramaving matenal from the Blade tip or COVES band, Decreasing
e atural frequencies is fikewise accomplished by removing

~— 777 Manufacturing Technology Today. August 2006

increasing weid filets around the liewire Or Goversdna regigns
Various moditication strategies are first evaluated using the finie
elamant moded, The objective is to infroduce small amounls ot

R25 mass lo the miode! of the blade row thal are easy to Implement

and resull in essentially infinite companent Be,

Ohee ha tes! engineer and retevant plant persenne| chouse
a modification strategy. the detuning weights are termporanty |
=Hached io the blade row with an adhesive. Next. 8 modal
ipet of the bladed disk is performed to assess the gffeci of
lhe modification. Once satisfied with the detuning resulls, 1ne
weights are permenenty attached to the biade row, Afimal moca
tast |3 conducies to verify that the fregquency shiff produced g
the weaighits remains within specifications,

5. TEST PROCEDURES

& comziete modal 185t of a bigded disk assembly congists of
meaSu.-umenlstud&terrni:'latncd'mamlcre&pnnsecna'al:lxans.t'c:
of the entire assembly and its substructures (blade groups ©
individual bades). Detalled substucture measurements ars
used to identify the fundamental mode famities; i.&. tangential,
awial, torsional. The motion associated with the tangential
mades is primarily In the clroumferential dirsction, For the Bxigi
maodes, the major displacement componant is i the: rator axkl
diraction. The torsional maodes of a single blade or blade grodp
enibit & twisting motion, where the isading exdge is 180° out o
phaze with respect ta the fratling Bdge of blade Measuremenis
of the enfire siruchure’s response are used to identify amplitude
and phase variabons in the response of e subsiruchires.

The natural frequencies and assocated deflection (mode)
shapes of substuctures are measurad by ‘meshing’ e
substruckire wih @ sufiicient number of measurement points
to describe the subsirssture’s deflection. For Hlade groups, &
mesh consisting of three points per biade (near thi piatfiorm,
mitt span, and fip) is sufficient to dacliment the fundamenial
mode shapes. Testing all of the substructures & NnECessany
sirae. due 1o symmetry, all of the substructuses erchibit simitar
dynamic response characteristics.

While all of the substructures sxhibit simitar mode shapes s
given natural freguency, the amplitude and phase (ideally 0 of
180 varies from subsiruchure: (0 sUbSIAUCTINE. This “disk effect
iz measured meshing the entire row with mieasurement paints
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Typically, ane pownt per substruciure, in 3 consiztent lacation. is
| used Differences in messured frequencies from substructuro
toisubstruclire can be anticipated as tha normal consequence
ofl dimenzional islerances, manyfactuing defects. material
processing and instaliation procedyres. Thise standarn
vatliences prevent any one blade from being a “pedect” COpY
| of any ofher. Tha result of these minar difierencas is seen as
“seatier” of natural frequencies about a mean value: Scatter of
L Bl nommally considerag Acceptable among the manufactuning
“eomiunily for low-pressute steam turbing blades. The fufl
fow meddal st also documents the sealier Associated with
differences betwean suhstyctuses

Toexcite a bladed disk. 5 madal hammar and a 75-pound forea
BleClmmagnetic shaker have bean used sucEssfily A modal
hammer fStied with 3 piezoelectric foree transducor can be
uzed to-excie the structure under ivestination wilh a tansient
\mpactf force, Hammer excilation generally invoives lass setug
&ilod Inan 16 shaker, bul the hammar rRUIrRS mare effon and
BKill Guring data coliection. The shaker is connecled by a stinger
168 plerosfectne force fransducer attached to the driving paint
o e struchine, A cyanoacrylate ar epowy adhesive works well
for handing the foree Iransduger to the blade row, 50 long as the
drfvig pesnt is not on'a curved surace such as the leading suge
gt theairfoll. For tesing unmounted biades a modal hammer is

sechion of the driving poinl location is bazed largely on e
lectve to excite as many of ine fundamental modes s
cussible. So long a5 the structura is not £xCiled a1 a-node and
g slicural response is linear for al practical purposes the
Mtsde shapes will be indegandant of thee driving-point location
The anplied force showid act in the raior axial ard disk fangentia)
UIRERANS 1o Lnsure oupling with both the axial and tangentiz!
MEHes A drving poimt o the platiors o mid span an the girfail
ofillie-leading or frailing Dlade in 2 Oroug genarally excites the
first-and second bending modes in each direction. It is best in
avtii fexible areas such as the Iraifing edge whera significant
wedalized defloction |s lkely. Avcess tonsiderations, espeially
for shaker excitation. ofton necassitate selection of & driving
sainknearthe shroud ;

A modal hammer |5 commanty used in modal Al
Provide 2 Iransient excitation of struchares. Aplezoeleciric i
IFansducerin the hammeriip measires I transsent farge app
by the hamemer when it stikes gn obect A brisf impuiza o
type i the time domain rorresponds b broadband exeinztiog
the frequency domain, and can therefore aycite many Ao
simulianaditsly. Shorter imputees in the time: domain, prodi
By harter hammer fips, ‘excite 3 broader range of frequanei
Ahard hammer fip such a5 sloe is UsLalhy Necessary for fast:
bladed disk assemblies The response 1o at least five A
Atz must be averaned to achiow: stabie resulls,

An electromagnalic shnksr is Lomnranly used in modal ARy
to excite of stuctures with 3 user-selecten sigral For
steam Lurbing bladed disks. 3 75-poung ECiromagnetic shak
gan adedualely excite the strueturs. Braad Band of forcing sign
suth as random (white) noise, hurst Tangum, or sandom mul
Eine (a superposition of bin-cerlerad sinusaids with ranco
phase relationships) are ysed to simultaneously excits ran
mades in the frequency range of inleraat,

Accelerometars are used o mpasym the vibratory respons:
of each measurement painl on the struchure fo the appiar
excitation. A pair of roving accelerometars orignted in Ihe
axial and Engenlial directions ta Ihe Baded disk {a5 showr ir
Figure §) iz moved from MaseUrement poind fo messiraran|
Faint aining the dala coileclion process. Wax or 8 small magnet
hoids e acceieromeaters firmly i place during data eofie
Lightweight accolarametars spa used fo minimize the efec
af mass foading that can reduce e natura frequencies of the
subsinclure where the accelerameleris dltched, Mass joadng |
5 of gragler concern when measunng ihe natirs! feguense

ai unmotnied blades because the ot magss of he sfriciire
“naer invastination is mech smalier

Excitation and responsa signals from tha tesl arg processed
using & riulti-charns dynamic. signal analyzer 1o EOmpule 3
Frequency Response Funelion [FRF) for sach moasurement

i 57 ;
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Fia 8. Testing with Accelerometar
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< oaint To prevent errors in the fost Fourier ransformation [FFT)

st

L | iglting windows are used to contral FET errors by reducing

lat forms the basis for this calculation, the measured signais
must be periodic within the sampling {data collection) intarval
Periadic signals wil have an integer number of cycles within

' the =ampling interval so that the signal baging and ends at the

‘gama value, while nonpericdic signals exhibil a discontinlily
%n the beginning and end of the sampling interval,
e signal amplitude to.zera at the beginning and end of the
sampling interal

6. MODAL ANALYSIS

Maodal test data from a- hammer 15 reduced on a personal
compller with modal analysls software [ Peaks in the
acnuired frequency response funclions indicate the blade row
natural froguencies, The mode shape and mode-damping ratio

asenciated with each peak or natural frequency is identified by
- purve filting ona or mons peaks at a time. A palynamial equation

far the FRF ic fit in @ least-squared-emor sense to specified
frequency bands of the measurement data.. This infgrmation
I used fo build a table containing normakized mode shape
ampitude and phase data for each measurement peint and
direction, and at each mode freguency.

"B Interference Diagram

i

For a bladed disk sinuctire, the fundamental natural modes of
yibration can be categorzed as langential, axial, or torsional.
Azsacatad with each of these fundamental mode families are
a setes of “nocal diameter” or 'disk effect” modes. When one
of these modes |5 exciled, the amplitude of vibralion can vary
harmonically around the disk and the phase refationship between

olrheks
cubsiractures may change as shown in Figure 6. The number
of camplete sinusoids around the disk {nodal diameter number]
iz used 1o deseribae the mode. The nodal diameter number can
alse be determined by dividing the number of nades by twa,

In a biaded disk struciure, for @ mode to be strongly excted,
the farcing frequency must match the natural frequency af the
row, 3nd the force distribution must mateh mode shape. In olner
wards, the number of per-rev exciizbions must aqual the numese
af modal diameters. An interference diagram is & oo used o
identify situations in which both of these conditions are met

Figure T shows a typical at speed interference diagram with
noints rapresenting nodal diameter modes: belongEng 1o ones
fundamental made family. The number of nodal diameters 15
piotted along the M-axis while the natural frequencies arm
plotted along the Y-aws, Tne diagonal line with slope ol
1 per-revinodal diameter is the impuise line. A strong resanant
response is guaranieed if the impulse line passes through or
close o @ modea point. Mote that such a sifualion satisfies botn
of the conditions required for & resonance response of the blade .«
row, namely a frequency match and sfrong coupling befwesn
the mode shape and applied force,

Fram the results of a modal test alone, it is only possitle lo
construct a zer speed interference diagram. The sffecls of
stress sfifening, siage operating femperature. and changes in
operating boundary conditions must be computed with the finite
plement model. This combined approach makes it possiye
ta construct an accurate st speed interfarence diagram al 5
reasonable cost. Purely experimentsl al-spaed interferance
diagrams are only obtainable throwgh sirain gauge telemedry
tests.

(a)

FigB. Effact Disk {a) Zera, () Twn. and ic) Fear Maodal Diameters
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jﬁ_;??ﬁilum Investigation

a1

_%EFEE}%QTWQ af the fatlure investigation was to determing the

fatlse of the blade row fallures based on modal test data

G finite elenent results. A singls blade was analyzed fo

fEtarming the gaometns dimensians required for developing

4 finfte wlement model. Models of the inmeiinled Blade and
ine complete bladed disk were developed.

The single bade model consisted of fwo fiewire seaments
aitfoil, peatform, root. and disk sector, By remaving the iewire
2nd gisk segment from the model, the natural frequencieg of
fhe freely, and cantifever supported blade can be calculated.
Tha dnmounted biade was frequency testad under bath
sloper configurations and compared with the correspending
afialtical results to verify the accuracy of the single biade
madel The single blade (sector) model was converted to 5
ll rew madel by repeatedly replicating the sector to form 2
“syperelement”

il .
Bazedon the small differences between the measured and

ilcillated frequencies of the singla blade, It was cancluded
Hal e finite slemeil model would be able to reliably
ripresent the dynamic charactaristics of the blade row. Aside
o the singie blade model, the more important goal of the
imvesligaton was concemed with the bladed disk natural
frequencias indet narmal operaling conditions

A vompite blageq disk modal test was performed an tha
Bigde row under investigation. After reducing the data

and Incorporaling the finite element results an at speed
interference diagram was constructed. Examination of the

=

ragonant condition associated with the Bth nodal dlametet
mode. [twas cecided to add mass al specific locations alang
the outer ligwire 10 lower the bladed disk natural fraguencles.
in the original blade row dasign, the frequency margin for the
8 nodal diameter mode was only 6 Hz, or 1.7%. A frequency
margin of a1 least 3% is recommendesd 1o ansure rescnance
free operation. Calculations indicaled thal a minimum of 200
grams distributed along the cuter tiowire would be reguirad
to achieve this frequency margin.

Thirty 9.5 gram masses were tempararily attached fo the
outer fiewire. The row was tested again to evaluale the
tesulting frequency shift in the 6 nodal diameter mode. &
freguancy shift of 8 Hz, vielding a frequency margin of 14 Hz
af 4.1% of the B nodal diameter frequency was measuted
The masses were permanantly attached to the fiewire, and
the modal test was repeated as 8 fingl verification of the
detuned blade raw

7. CONCLUSIONS

Modal testing can provide valuable information about the
dynamic response characteristics of bladed disks at a
relatively low cost. This Information typically includes the
natural fraquencies and mode =hapes of the row &l room
temperature. and in the absence of centrifugal loading
While the dynamic response characteristics of biaded disks
during operaton are likely fo differ sianificantty from those
measured under the modal test conditions, these ‘zera
speed’ natural fregUencies can serve 35 a valuable guality
contral test, The most effective and economical method for
igentifying potentially resonant conditions in bladed disks
utilizes & vombination of modal 125! results and finite elemeni
analysis (FEA] 1o accurately predict the dynamic response
maracienstics of the struclure under operating condilions
TF natural frequ&ni}' and modé shape  information 45
[(otted on 8n inferferance diagram that identifies resanant
cenditions with the turbing operating speed thal are likely
o praduce & sirong response. When a resonant condition
exlsls, the finile elemant modeal is used to evaluate different
olade row modification strategies. Follow-up modal tests are
parformed 1o after any modifications (o verfy the detuning
affacts.
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